Sieve-element plastids may contain any combination of protein crystals (c), protein filaments (f), and starch grains (s), or none of these. All structurally distinct combinations (=forms) possible (s, cs, cfs, c, cf, fs, f, o) are recorded among the 2100 dicotyledons investigated so far with the transmission electron microscope (representing 381 of more than 460 families described). The six forms that include c and/or f define the P-type and are found in some 620 species, mainly confined to Magnolianae, Caryophyllanae, Vitanae, and Rutanae (Fabales, Linales, Rhizophorales). A detailed family-by-family analysis and quantitative form-by-form comparison suggests that form-Ss plastids give rise to all other forms. Based on a logic model connecting all forms via one-step-alterations (loss or gain of starch, protein crystals, or filaments), the distribution of P-type plastids within dicotyledons, their interconnection, and their relationships to the S-type taxa are discussed. Due to the diversity of sieve-element plastids found within one taxon, the Magnolianae (Pand S-type) are held to be a center of P-type evolution and more primitive than Caryophyllanae (P-type, only) or other superorders. The significance of sieve-element plastid data to the shaping of some of the higher dicotyledon taxa is discussed.
Studies of sieve-element plastids involve the description of the different forms and a recording of their distributions. These studies have, over the last two decades, contributed increasingly to data used in the characterization of higher taxa from the class level down to the subfamily level. For the monocotyledons, the P2-subtype of sieve-element plastids was found to be homogeneously present (Behnke 1969 (Behnke , 1981a but several subtypes and forms ofP-and S-type plastids were described in the dicotyledons (Behnke 1972 (Behnke , 1981b . Within the dicots, the majority of superorders seem to represent pure S-type taxa, while others contain both P-type and S-type plastids and only two, Caryophyllanae and Vitanae, are unique in that they contain only P-type plastids (this paper follows the superordinal and ordinal classification of ).
Dicotyledon sieve-element plastids were classified into a great number of different subtypes and forms (Behnke 1981b) , often distinguished only by minor morphological criteria. However, in some higher taxa (e.g., Magnolianae) the different forms of sieve-element plastids were difficult to classify under one subtype, while identical forms were recorded in other taxa which have not been considered related.
A new concept, involving only qualitative differences to explain the interrelationships between forms of sieve-element plastids and also using quantitative data (sizes of plastids) to demonstrate some evolutionary trends, was tested in the Magnolianae (Behnke 1989) . The present survey considers only the qualitative differences between sieve-element plastids and mainly deals with cumulative data at the rank of family and their applicability to system of the dicotyledons.
MATERIALS AND METHODS
Living material-fresh or shipped within a few days under special care-is a prerequisite for fixation of sieve elements and the eventual investigation of their plastids with the transmission electron microscope. Thin hand sections were made with a razor blade from herbaceous shoots or end parts of tree branches. The sections w~re immediately immersed into a fixing solution containing paraformaldehyde and glutaraldehyde (Kamovsky 1965) , kept therein for 3 to 24 h, washed with 0.1 M sodium cacodylate buffer (1 h, several changes), postfixed for 1 h with buffered 1% Os0 4 , dehydrated in acetone, embedded and polymerized in an Epon-Araldite mixture, and processed according to standard methods for ultrathin sectioning and eventual photographing with a transmission electron microscope.
The samples of the some 2100 dicotyledon species investigated were collected from natural habitat (some 20% of the species) or at botanical gardens all over the world.
While complete lists of the species, their origin, collectors, and deposit of vouchers have already been given for some higher taxa (e.g., Fabales [Behnke and Pop 1981] ; Myrtanae [Behnke 1984 ]; Magnolianae [Behnke 1988a ]; parts ofRosanae and Rutanae [Behnke 1988b ]; parts ofMalvanae and Rosanae ["Hamamelidae"] [Behnke 1989 ]), a summary of the sieve-element plastid data at the family level is given in Table 1 .
RESULTS AND DISCUSSION

Development, Peculiarities, and Stability of the Plastids in Dicotyledon Sieve Elements
Sieve elements derive from procambial or cambial initials but undergo drastic structural changes before turning into functionally mature symplastic conduits for long-distance transport of assimilates. The translocating sieve element is enucleate and evacuolate. It has lost its major cytoplasmic contents, but remains delimited against the apoplast by the plasma membrane and thus stays alive for about one growing season (Behnke 1990; Evert 1990) .
Plastids are among the few organelles that are present throughout the entire life span of a sieve element but they also undergo equally fundamental structural changes.
Initially there are proplastids, characterized by a dense matrix and a few thylakoids. Often an early accumulation of ergastic material (proteins or starch) is the first indication that their differentiation has been initiated. Increased quantities of ergastic products, loss of thylakoids, gradual depletion of the matrix, and a change from elongate-amoeboid to spherical shapes are further steps that eventually lead to the typical sieve-element plastid (Behnke 1990) .
Sieve-element starch stains reddish with iodine, contains less amylose and more amylopectins than ordinary amyloplast starch, and is specifically digested after treatment with enzymes cleaving a-1,6 bonds (Palevitz and Newcomb 1970) . Proteins accumulate in sieve-element plastids in various morphological forms and are digested after treatment with different proteases (Behnke 1975) . In vivo, however, a digestion or synthesis of any of the contents of mature sieve-element plastids has never been observed.
According to our present knowledge, sieve-element plastids, as soon as their ontogenetic differentiation is terminated, become functionless and do not change in either size or content.
The stability-and thus reliability as a taxonomic character-of sieve-element plastids is shown by the following evidence:
(1) Sieve-element plastids do not break down before the sieve element disintegrates: if artifacts of preparation and fixation are minimized, intact sieve-element plastids, i.e., surrounded by a double envelope and incorporating their usual contents, can still be found in old sieve elements, e.g., those at the base of an over 10-m-long monocotyledon vine of Dioscorea (Behnke, unpubl. data) or even in more than 5-yr-old palm sieve elements (Parthasarathy 1980) .
(2) All sieve elements of a plant-primary or secondary-contain only one kind of plastid: Dioscorea, Saruma, and Pisum have been studied extensively in the author's laboratory, while indirect evidence derives from many papers documenting sieve-element studies from different parts of plants of a single species.
(3) The species-specific composition of sieve-element plastids is genetically determined and begins to be expressed as soon as a meristematic cell is determined and directed toward the differentiation of a sieve element. This also applies to extreme situations. If, after interruption of the stele (e.g., by wounding or grafting), a restitution of the vascular tissue is required to secure the continuity of nutritionand hence survival-of a plant, new sieve elements will be formed from, e.g., cortical parenchyma. Sieve-element plastids have been helpful in identifying different grafting partners (Kollmann and Glockmann 1990) ; it has also been demonstrated that, during wound restitution, amy lop lasts of an ordinary parenchyma cell transformed into species-specific sieve-element plastids that elaborated both the peculiar sieve-element starch and protein inclusions (Behnke and Schulz 1983; Shulz 1990) . Undoubtedly, the specificity ofthe inclusions of sieve-element plastids is part of a genetic program that is expressed whenever a sieve element is formed. Therefore, the early development of the specific plastid contents will continue to be helpful in identifYing very young sieve elements (Behnke 1990; Eleftheriou 1990) .
So far, it has not been shown that the types or amounts of sieve element inclusions are changed by environmental factors.
Types, Subtypes, and Forms of Sieve-Element Plastids
Sieve-element plastids are characterized by their ergastic inclusions, i.e., protein crystals (c), protein filaments (f), and starch grains (s). Different combinations and different quantities of these inclusions determine the specific sieve-element plastid possessed by a taxon. Consequently, if sieve-element plastids of an arbitrary number of species are screened, definite criteria are necessary to explain similarities or dissimilarities, to establish different categories of sieve-element plastids, and to eventually support or disprove the putative systematic position of a taxon proposed by considering other characters.
Early in the investigation of sieve-element plastids the presence or absence of protein inclusions was used as a criterion to make a major distinction between Table 1 . Alphabetical list of dicotyledon families and the sieve-element plastid forms they possess. All families are recognized in either Cronquist's (1981) , Thorne's (1983) , Takhtajan's (1987) , or two types of sieve-element plastids, named P-type and S-type (sieve-element) plastids, respectively (Behnke 1971 ) . The category subtypes of sieve-element plastids was introduced (Behnke 1975 (Behnke , with slight modifications in 1977 to allow emphasis of similarities in the morphology of protein inclusions present within sieve-element plastids of related higher taxa and at the same time provide a simple reference to, and identification of, sieve-element plastids of species that belong to the appropriate taxonomic group. Subtype identification was indicated by numerals (previously roman numerals, e.g., Pill, now arabic ones, e.g., P3). Prominent examples of subtypes include the cuneate crystals of the monocotyledons (P2) and the protein filaments arranged in a peripheral ring in plastids of the Caryophyllanae (P3).
The form of a sieve-element plastid is the basic unit in the hierarchy of plastid categories. Forms were originally used to subdivide subtypes and to refer to "sieveelement plastids which are typical of some families or family groups within the respective higher taxon" (Behnke 1977) . While their labelling was changed from alphabetized to nmemonic symbols, forms always represented "the realized por-tions of a potential free combination of the different plastid contents, viz. (protein) crystals, (protein) filaments, and starch" (Behnke 1981 b) .
If one refrains from morphological or quantitative differences (e.g., shape or number of crystals) and only records the presence or absence of crystals, filaments, and starch, the great apparent diversity of forms of sieve-element plastids is reduced to only eight qualitatively distinct combinations (Fig. 1) ; one form incorporating all characters (cfs), three forms with any two (cf, cs, fs), three forms with only one character (c, f, s), and one form that is devoid of any inclusion (o). Of these eight forms six (cfs, cf, cs, fs, c, f) belong to the P-type and two (s, o) to the S-type (form-So plastids were earlier classified as the So-subtype [Behnke 1977 [Behnke , 1981b ).
A New Model of the Interrelationships Between Forms of Sieve-Element Plastids
In 1981, 26 morphologically different forms of sieve-element plastids, grouped into six subtypes, were recognized in angiosperm families investigated by the use of plastid data. A first attempt to show the possible interrelationships among these families resulted in a two-dimensional coordinate system and a semicladistic diagram (Behnke 1981 b: Figs. 5 and 1 0) . However, the affiliation of sieve-element plastids forms to a distinct subtype turned out to be one of the weak points of this classification. The subtype characteristics were not distinct enough, in all cases, to definitely assign several forms to only one P-subtype (this is especially true for the P1-and P4-subtypes of which the cfs-forms looked very similar [Behnke 1981b]) . Also, some subtypes were not likely to be correlated with any kind of common evolution of the taxa represented (e.g., PS-subtype, Behnke 1982a).
Since then, the duplication of the number of investigated species, as well as the near completion of the family survey in the dicotyledons has led to a modified classification of sieve-element plastids.
The revised classification emphasizes the eight qualitatively distinct forms of sieve-element plastids (Fig. 1) and, with the exception ofthe Caryophyllanae (and the Monocotyledons), disregards their grouping into subtypes. If, in addition, it is assumed that during evolution all forms are interchangeable, a logical model that demonstrates their interrelationships is a cube (Fig. 2) . Within the cube the eight forms are placed in the eight comers, which are connected by the twelve edges of the cube. Any form of a sieve-element plastid is altered by one character (loss or gain) if a change is made from one comer along one edge to any neighboring comer (such one-step-alterations did possibly prevail during the evolution of plastid forms). The orientation of the cube in Figure 2a demonstrates the acquisition of protein crystals from base to top, of protein filaments from left to right, and the loss of starch from front to back.
A cube has six faces; those of the "sieve-element plastid cube" are specifically bordered by four different plastid forms. Although each plastid form consequently serves as a cornerstone for three different faces, each face is recognized by the presence or absence of only one character (C, F, S, and -C, -F, -S-face, respectively). In order to better demonstrate the morphological distinctness of the faces, the cube has been unfolded and reproduced as a square grid in Figure 2b .
The S-face (front in Fig. 2a , marked by open circles in Fig. 2b) is bordered by the four plastid forms containing starch, the C-face (top in Fig. 2a , squares in Fig.  2b) is edged by the four crystal-containing forms, and the F-face (right in Fig. 2a , heavy dots in Fig. 2b) is framed by all of the forms that contain protein filaments. An absence of protein filaments characterizes the -F-face (left in Fig. 2a , small dots in Fig. 2b) , an absence of protein crystals distinguishes the -C-face (bottom in Fig. 2a, hatching in Fig. 2b) , and an absence of starch grains denotes the -Sface (back plain in Fig. 2a, blank in Fig. 2b) .
The way the cube is drawn in Figure 2a (i.e., sitting on the -C-face and having the S-face in front) corresponds to the quantitative distribution ofS-type plastids and their importance in the development of the other plastid forms. Independent results from several taxa (e.g., Acanthaceae [Behnke 1986a ]; Magnolianae [Behnke 1988a ]; "Hamamelidae" [Behnke 1989 ]) recently led to a rediscussion of the possible evolutionary succession ofthe forms and types of sieve-element plastids. This resulted in a reorientation of the putative evolutionary trend: form-Ss plastids are now thought to represent the starting point from which all other forms of sieve-element plastids are derived, according to the cube edges drawn in Figure  2a (for an earlier view see Behnke 1981b) .
Forms of Sieve-Element Plastids: Their General Distribution, Their Distribution Among Extant Dicotyledons, and Their Putative Evolutionary Succession
The 2100 dicotyledonous species for which the forms of sieve-element plastids are recorded are distributed evenly over all major taxa and represent at least 1% of all extant dicotyledons. Exactly 381 ofthe 460 dicotyledon families recognized in at least one of the major present-day angiosperm systems are represented in the sieve-element plastid studies (Table 1 ) . This includes 282 of the 318 dicotyledon families in Cronquist (1981) , 274 ofthe 296 in Thome (1983 ), 355 ofthe 429 in Takhtajan (1987 , and 332 of the 373 dicotyledon families recognized in "The Last Dahlgrenogram" .
The 381 families represent 99% ofthe total of about 176,000 dicotyledons. The remaining 77 families, of which fresh samples have not yet become available, are monotypic or monogeneric or contain only a few genera. Of the 382 families studied, 13 families had both P-type and S-type sieve-element plastids, while 48 families had only P-type plastids and 320 had exclusively S-type plastids (Table  1) . A total of620 ofthe 2100 species contain P-type plastids, while 1480 species haveS-type plastids in their sieve elements. Therefore, according to the number of investigated species, about 30% of all dicotyledons would contain P-type plastids. An almost equally high percentage (about 25%) of the total number of extant dicotyledons is obtained if the calculation is based on the proportional sizes of the families or subfamilies covered.
If one considers the quantitative distribution of the eight forms of sieve-element plastids, form-Ss plastids, found in about 67% (1400) of the species, far outnumber all others. Form-Pes plastids are the second most numerous, found in 15% (306) ofthe species, followed by form-Pcf(7% [140] The frequencies of the different plastid forms, and the occurrence of two or more forms in a single higher taxon, suggest the following evolutionary trends.
(1) The edge between sand cs ( Fig. 2a) represents the major line of alteration of forms: Almost all taxa that have heterogeneous sieve-element plastid types contain at least the Ss and Pes forms.
(2) Other frequent transformations are required along the es-c, cs-cfs, and s-o edges: Forms Pes, Pcfs and/or Pc are often found to occur in the same taxon (e.g., Fabales, Laurales, Aristolochiaceae, Acanthaceae; see also Table 1); the same is true with respect to the So and Ss forms (e.g., Moraceae, Peperomiaceae, Rosaceae).
( Fig. 2 ) are observed more often than between different faces, and, with the exception of the Aristolochiaceae, no family is known to express forms on two different faces.
(4) Faces of the sieve-element plastid cube, once exclusively established for a higher taxon, are comparatively stable and of additional taxonomic significance; e.g., F-face for Caryophyllanae, -F-face for Urticales, and C-face for the Monocotyledoneae.
The Distribution of Types and Forms of Sieve-Element Plastids Among the Higher Taxa of Dicotyledons
The distribution of sieve-element plastid types among the families, orders, and superorders of dicotyledons is quantitatively plotted in "The Last Dahlgrenogram" , where white areas mark S-type and shading denotes P-type plastids (Fig. 3) . The amount of shading corresponds to the extent of the different families (see Dahlgren's figure 2 ). An alphabetically arranged list of dicotyledon families investigated for their sieve-element plastids is given in Table 1.
More than 90% of the dicotyledons containing P-type plastids were found in four superorders: Magnolianae (about 60% of its species in 12 of its 23 families); Caryophyllanae (all species); Vitanae (all species); and Rutanae (nearly all Fabales, 70% of Linales, 20% of Rhizophorales, and Connaraceae of Sapindales). Less than 10% were distributed over 12 different families from five other superorders.
Although the Magnolianae, Caryophyllanae, Vitanae, and Rutanae certainly represent their strongholds, the total distribution ofP-type sieve-element plastids among the current dicotyledon systems does not readily suggest any simple phylogenetic line. P-type plastids are found in 10 of 25 superorders ( Fig. 3) , in all of Cronquist's (1981) six subclasses, in nine ofThome's (1983) 19 superorders, and in 14 of Takhtajan's (1987) 37 superorders (from six of eight subclasses).
Therefore, a detailed family-by-family analysis and qualitative form-by-form comparison (supplemented by quantitative characters, such as diameter of sieveelement plastids and amount of starch vs. protein content) were initiated to find out where the center of evolution for P-type plastids might have been (Behnke 1988a (Behnke , b, 1989 .
Results from the Magnolianae (Behnke 1988a) led to the conclusion that this superorder reflected not only a transition of S-type into P-type plastids, but represents the major center for the evolution of the P-type. The extreme heterogeneity of the sieve-element plastids found within Magnolianae, and the interrelationships to specific P-subtypes present in other taxa, are in favor of this concept.
Six different plastid forms (Ss, So, Pes, Pc, Pcfs, Pfs; i.e., all forms of the Sand -F-faces) are recorded in the Magnolianae, a number not reached by any other superorder. Four different forms from the same two cube faces are even +- Fig. 3 . The distribution ofP-type (shaded) and S-type (blank) sieve-element plastids within Dahlgren's (1989) system of dicotyledons. The amount of shading corresponds to the position and sizes of the respective families as indicated in Dahlgten's (1989) figure 2 . found in the Aristolochiaceae; no other family is recorded to have more than three forms (Table 1) . Five families contain both S-type and P-type plastids; three of these have only the "Ss" and "Pes" forms. In a few genera, sieve-element plastid forms were found that would favor their affiliation with another superorder, although there is little doubt on their placement within the Magnolianae. The aristolochiacean genera Asarum and Saruma contain form-Pc plastids identical to the subtype-P2 plastids of the Monocotyledoneae (Behnke 1981 a, b) . The form-Pfs plastids of Canella (Canellaceae) are very similar to subtype-P3 plastids, otherwise known only in the Caryophyllanae.
All other superorders are either monotypic (see Caryophyllanae, Vitanae, and those superorders left entir€t1y white in Fig. 3 ) or contain only two or three plastid forms, none of which are particularly related to subtypes P2 or P3.
Caryophyllanae are the most homogeneous dicotyledon superorder, both with respect to the taxa included in the different modem systems and to their sieveelement plastids. No other higher taxon of comparable size demonstrates such harmony between Cronquist's (1981) , Thome's (1983) , Takhtajan's (1987) and recent treatments. The results from our sieve-element plastid studies have largely influenced this accordance (see Eckardt 1976 for a review of earlier systems). The 180 investigated species of the Caryophyllanae contain P-type plastids, the forms of which are exclusively located in the F-face and belong to the P3-subtype.
The presence of P-type sieve-element plastids in some taxa and the presence Of S-type plastids in others has corroborated conclusions drawn independently using other characters or has repeatedly initiated reconsiderations of their positioning within different systems; e.g., Vitales/Rhamnales (Johnston 197 4; Behnke 1974; Behnke and Dahlgren 1975; Dahlgren 1980 Takhtajan 1987) ; Gunnerales/Haloragales (Behnke 1981b (Behnke , 1986b Dahlgren 1980 Takhtajan 1987) ; Buxaceae/Simmondsiaceae (Behnke 198 2b ) ; Rhizophoraceae/ Anisophylleaceae (Cronquist 1981; Behnke 1984 Behnke , 1988b ).
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